The effect of acidic compound on the formation of active species in homolytic hydroperoxide decomposition by hindered amine light stabilizers (HALS) was studied. The hydroperoxide decomposition activity of HALS is an important to characteristics of HALS. HALS Ammonium salt, which is a fundamental compound involved in the antagonism between HALS and acidic compounds including phenolic antioxidants, was found to be a key compound for the formation of HALS nitrosonium salt, which was identifi ed as the active species of hydroperoxide decomposition. HALS Nitrosonium salt was not formed from active species for polymer stabilization, such as nitroxide, alkoxide, or hydroxylamine of HALS, but from HALS salt. A formation mechanism of HALS nitrosonium salt is proposed. Furthermore, molecular aggregates formed between HALS and acid compounds are discussed to be important for HALS properties.
Introduction
Stabilizers are essential in the processing and molding of polymeric materials, as well as for the maintenance of the polymer properties for a long time. Among them, phenolic antioxidants as radical scavengers and hindered amine light stabilizer (HALS) called multifunctional stabilizers are widely used in various polymeric materials. These two kinds of stabilizers are often used together, and sometimes show apparent antagonism, although synergism is also observed. However, the mechanism of antagonism generally accepted at present does not describe all of observed antagonisms. We have previously proposed a new antagonism 1) . Hydroperoxide decomposition by HALS is a very important process, and consists of two phases: slow decomposition in the induction period, and fast decomposition which proceeds homolytically. The induction period of decomposition is remarkably shortened by the presence of an acidic compound including a phenolic antioxidant, such as 3,5-di-t-butyl-4-hydroxytoluene (BHT), and so promotes the homolytic decomposition of a hydroperoxide, such as cumene hydroperoxide (CHP), resulting in the initiation of autoxidation and deterioration of the polymeric materials. We previously reported that a HALS nitrosonium species is formed as the active species or precursor of a highly active catalytic hydroperoxide decomposer, regardless of the presence or absence of a phenol 2) . The present study investigated the formation mechanism of the HALS nitrosonium salt.
Experimental

1. Reagents 1. 1. Commercial Source
Bis(2,2,6,6-tetramethyl-4-piperidinyl) sebacate (ADK stab LA-77, ADEKA Corp.) (designated HALS NH) was purifi ed by a general method. Bis(1,2,2,6,6-pentamethyl-4-piperidinyl) sebacate (designated HALS NMe) (ADEKA Corp.) and bis(1-octoxy-2,2,6,6-tetramethyl-4-piperidinyl) sebacate (designated HALS NOoct) (Tinuvin123, Ciba Specialty Chemicals Inc.) were used as obtained. Cumene hydroperoxide (CHP) (Nacalai Tesque, Inc.) was used as the hydroperoxide without purifi cation. Chlorobenzene (GODO Solvents Co.) and benzonitrile (Wako Pure Chemical Industries, Ltd.) were purified by general methods. 3,5-Di-tbutyl-4-hydroxytoluene (BHT) (Tokyo Kasei Kogyo Co., Ltd.) used as the phenol was purified by conventional recrystallization from hexane. (1-alkyl-2,2,6 ,6-tetramethyl-4-piperidinyl) sebacate (designated HALS NR, R: alkyl, such as ethyl, isopropyl, benzyl)
1. Syntheses (a) Bis
The HALS NH (9.60 g, 0.02 mol) was dissolved in 30 cm 3 of N, N, N N-dimethylformamide, ethyl iodide (6.24 g, N-dimethylformamide, ethyl iodide (6.24 g, N 0.04 mol) calcium carbonate (2.00 g, 0.02 mol) were added, and the mixture was refluxed at 50 C for 12 h. The resulting mixture was fi ltered, and the fi ltrate was extracted with hexane. The extract was purified through an alumina column (mobile phase: benzene/diethyl ether 5/1), and fi nally the product was obtained as white crystals with yield 2.76 g (21%), melting point 41. 4 The HALS NH (13 g, 29 mmol) was dissolved in 200 cm 3 of methanol, and 7 cm 3 of acetonitrile was added. Then, sodium hydrogen carbonate (3.6 g, 18 mmol), sodium tungstate (0.5 g, 1.8 mmol), and 20 cm 3 of 35% aqueous hydrogen peroxide were added. The mixture was stirred for 4 days at room temperature. After addition of 200 cm 3 of saturated brine, the solution was extracted with diethyl ether. The solvent was distilled off in vacuo, and the product was purifi ed by column chromatography (stationary phase: silica gel, mobile phase: chloroform : acetone 10 : 1) and recrystallized from hexane. The HALS NO (1.9 g, 3.7 mmol) and of α,α-azobisisobutyronitrile (AIBN) (0.76 g, 5.1 mmol) were dissolved in benzene. The mixture was stirred under ultraviolet irradiation from a high pressure mercury lamp under nitrogen at room temperature for 17 h. After the solvent was removed in vacuo, the unreacted AIBN was fi ltered off by the addition of methanol. An oily prod- The HALS NO (1.0 g, 2.0 mmol) was dissolved in a small amount of benzene, and 20 cm 3 of water containing 1.5 g of ammonium chloride was added. Then, 1.0 g of zinc powder was added. The mixture was stirred under nitrogen at room temperature, until the organic phase became colorless. After removing the zinc by fi ltration in a glove box under nitrogen, the benzene phase was separated and washed with saturated brine, then dried over sodium sulfate anhydride in a glove box purged with nitrogen. The solvent was removed in vacuo. White crystals obtained were recrystallized from carbon tetrachloride under nitrogen. 
H2 AcO
− ) The HALS NH (2.4 g, 5 mmol) was dissolved in a small amount of hexane. Acetic acid (0.60, 10 mmol) in 40 cm 3 of hexane was added dropwisely. The sediment was fi ltered off and was recrystallized from chloroform/hexane. White crystals were obtained after drying in vacuo (30 mmHg) at 40 C. Yield: 2.66 g (89%), melting point: 118.0-118.3 C. FT-IR (KBr): 3321 cm −1 (s-amine) disappeared, 2800-2500 cm −1 (sammonium cation), 1574 and 1400 cm −1 (carboxyl anion). . Nitrogen dioxide (ca. 7.2 10 3 cm 3 at 0 C) was passed over 0.60 g of HALS NO at −10 C for 2 h. The mixture was then stirred for 2 h. The remaining nitrogen dioxide was released by warming up to 50 C. Water-soluble and highly viscous crimson oil was obtained. Yield 0.56 g (75%). FT-IR (NaCl): 988 cm −1 (nitroxide) disappeared; 2940, 1620, 1350, 1240, 1160, and 1100 cm −1 (nitrosonium salt 4) ), and −1 (ester). 
The types of HALS and derivatives used in this study are listed in Table 1 , together with their chemical structures and symbols.
Measurements 1. Hydroperoxide Decomposition
HALS Derivative, CHP, and phenol were dissolved in chlorobenzene (total volume: 100 cm 3 or 50 cm 3 ). The solution was stirred and heated under nitrogen at 120 C. A sample was taken at every predetermined time and the remaining hydroperoxide was analyzed by iodometry or gas chromatography (GC). Reaction products were analyzed quantitatively by GC and were also identifi ed by gas chromatograph-mass spectroscopy (GC-MS). Every reaction was repeated a few times to confirm reproducibility. All graphs shown in this study are the most reliable ones in terms of reproducibility.
Iodometry
10% Acetic acid in 2-propanol was purged with carbon dioxide for two minutes to remove dissolved oxygen. To 5 cm 3 of this solution, 0.5 cm 3 of aqueous saturated potassium iodide solution and 1 cm 3 of the sample were added. The mixture was heated and stirred under carbon dioxide at 95 C for three minutes. The hydroperoxide content was determined using 1/1000 N standard sodium thiosulfate solution. M (1 M 1 mol dm −3 ) HCl-methanol solution was poured to 50 cm 3 total volume. The resulting solution was titrated with 2.0 10 −3 M NaOH-methanol solution at room temperature to obtain the pKb Kb K value.
4. Instrumental Analysis
The gas chromatograph was Model GC-17A or GC-14B (Shimadzu Corp. with a fl ame ionization detector (FID). The GC-MS was a Model QP5050A (Shimadzu Corp.). The 400-1HT column (Quadrex Corp.) was used in both systems.
Results and Discussion
1. Hydroperoxide Decomposition by HALS
Oxides HALS Nitrosonium salt acts as an active species or precursor for the radical decomposition of hydroperoxides. The decomposition of hydroperoxides catalyzed by HALS proceeds in two stages, the first slow induction period and the second fast decomposition period. The induction period is strikingly shortened, as the amount of BHT is increased to equivalent to that of HALS (see Fig. 1 ). During the induction period, the decomposition of CHP produces HALS oxides such as HALS nitrosonium, which accumulates, and fi nally results in the fast decomposition of the hydroperoxide. To investigate the formation process of this active species, hydroperoxide decomposition was examined using a HALS derivative, in particular HALS oxide with a similar structure to HALS nitrosonium. Figure 2 shows some of the results. A non-HALS oxide, such as HALS NH, had an induction period of about 120 h under the reaction conditions. The HALS NMe had an induction period of about 80 h (Fig. 3) . The HALS NEt had about the same induction period as HALS NH, and HALS NBz showed a longer induction period. On the other hand, the hydroperoxide decomposition activities of HALS oxides such as HALS NO, HALS NOH, and HALS NOR (R: alkyl) were not so high, although HALS NOH showed the shortest induction period (Fig. 2) . The HALS NOR, especially HALS NOoct, did not decompose any hydroperoxide over 230 h. In other words, even the most active HALS oxide, HALS NOH, was surprisingly inert, compared with HALS nitrosonium. These observations
suggest that a different intermediate from HALS oxide o c c u r s i n t h e f o r m a t i o n o f n i t r o s o n i u m s a l t .
Interestingly, the order of hydroperoxide decomposition by HALS derivatives as shown above seems to relate to the order of pKb Kb K s of the HALS derivatives ( Table 2) .
There is a proposal that antagonism of HALS with acidic compounds is partly ascribable to interference with the formation of HALS active species, such as HALS NO, HALS NOH, and HALS NOR, from HALS salts. In fact, HALS with lower basicity are difficult to deactivate by acids, and the order of HALS deactivated by acids is HALS NH > HALS NR >> HALS NOR. This order corresponds to that of the hydroperoxide decomposition by HALS derivatives (see Fig. 2 ). This fact suggests that the basicity of HALS is deeply related to the hydroperoxide decomposing activity of HALS.
2. Influence of Phenol on Hydroperoxide
Decomposition by HALS Derivatives To investigate the formation of HALS nitrosonium salts, the effect of acid on hydroperoxide decomposition activities of HALS was examined, in detail, using various HALS derivatives. Figure 4 shows the effect of acids on HALS NOoct with the lowest basicity. Addition of trichloroacetic acid (pKa Ka K 1.5 in methanol 1) ) or dichloroacetic acid (pKa Ka K 3.7 in methanol 1) ) to the reaction system caused a considerable shortening of the induction period. 10.2 9.4-9.9 9.5-9.7 6.5 6.7-5.9 a) measured in methanol.
CHP decomposition activities of HALS derivatives were not accelerated by BHT except for HALS NH, but rather retarded in some cases, compared with those without BHT (Figs. 2 and 3) . Especially, the activity of HALS NMe decreased dramatically, although the decomposition activity was similar to that of HALS NH without BHT. Clearly the secondary amine HALS is affected more easily by BHT, in terms of radical decomposition of hydroperoxides, than the other HALS derivatives. Considering that the decomposition is promoted by the acid-base interaction between HALS and BHT as a weak acid, presumably the quaternary ammonium salt is the key intermediate in the formation process of HALS nitrosonium salt.
Hydroperoxide Decomposition by Quaternary
Ammonium Salts of HALS The hydroperoxide decompostion activity of HALS ammonium salts was examined. Various HALS N + H2 carboxylates including acetate were used, because HALS N + H2 phenolate was not isolated easily due to the low acidity of phenol. The results are shown in Fig. 6 . Remarkable shortening of the induction period was observed using HALS N + H2 carboxylates. Therefore, the salts are important intermediates in the formation of HALS nitrosonium with the highest hydroperoxide decompostion activity, although the direct relationship between pKa Ka K of the carboxylic acid and the induction period shortening cannot be observed. − /NO2 − . The HALS N + H2 AcO − showed a high hydroperoxide decompostion activity, although less than that of nitrosonium. Moreover, the activity of HALS N + H2 AcO − was much higher than that of the mixture of HALS NH with acetic acid.
In order to clarify whether the nitrosonium salt is formed from the HALS N + H2 carboxylates, acetate HALS N + H2 AcO − with a lower molecular weight was used instead of HALS N + H2 AcO − to facilitate the identification of products derived from the HALS by GC-MS. The ring-opening reaction products shown in Scheme 1 can be utilized as evidence of the formation of the nitrosonium salt, because the nitrosonium cannot be detected directly due to its instability. shows the relationship between the concentration of CHP and the total concentration of the ring-opening compounds. The results corresponds well to those previously described 2) . The formation of the ringopening compounds started to increase gradually from the end of the induction period. Therefore, HALS nitrosonium salt is formed through HALS N + H2 AcO − during the induction period, and becomes the active species of hydroperoxide decomposition or acts as an active species precursor. Next, the ring-opening compounds derived from HALS and acetophenone and cumyl alcohol from CHP was investigated in the CHP decomposition by HALS (Fig. 9) . Cumyl alcohol increased with the formation of HALS nitrosonium salt, whereas acetophenone was almost constant from the beginning of CHP decomposition. Therefore, the formation of cumyl alcohol is included in the main formation pathway of HALS nitrosonium from HALS salt. This will be discussed in more detail in the following section.
4. Effect of Hydroperoxide Decomposition
Products on CHP Decomposition Reaction by HALS Salt In order to study the formation mechanism of HALS nitrosonium salt, the effect of cumyl alcohol, formed in the formation of the nitrosonium salt, was investigated on the CHP decomposition using acetate HALS N + H2 AcO − (Fig. 10) . The induction period of CHP decomposition became longer with higher amounts of cumyl alcohol. Therefore, the formation of HALS nitrosonium salt was prevented by cumyl alcohol.
5. Formation Mechanism of Active Species
We propose a formation mechanism for the active species, HALS nitrosonium salt, on the basis of abovementioned results and our previous results 1) . In general, a less basic HALS has lower antagonism with a phenol, as explained by step (1) of Scheme 2. Then, anion exchange occurs between the salt and excess CHP, and the intermediate shown in step (3) is formed. This intermediate enters into two electron oxidation by another CHP to form the HALS nitrosonium as shown in step (4) .
The induction period of CHP decomposition should be longer, due to the difficult approach of less hydrophilic CHP, if the acid or substrate is more hydrophilic. These phenomena were observed if twice the molar amount of BHT as HALS was added (Fig. 1) . The addition of cumyl alcohol also retards CHP decomposition (Fig. 10) . The mechanism shown in Scheme 2 can explain these experimental observations. 
Conclusion
The HALS have many functions which contribute to the stabilization of polymeric materials, but the HALS nitrosonium salt seems to be the origin of all the defects of HALS. The HALS include a lot of active species and derivatives for stabilization, but the HALS nitrosonium salt, a derivative of HALS, can oxidize BHT uselessly, as well as decompose hydroperoxide homolytically and quickly to accelerate the degradation of polymeric materials. The prevention of formation of HALS nitrosonium and the elimination of formed HALS nitrosonium should be considered to bring out the excellent functions of HALS.
